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a  b  s  t  r  a  c  t
Three-dimensional  needle-like  Cf/ZrC-SiC  composites  were  successfully  fabricated  by polymer  inﬁltra-
tion and  pyrolysis  combined  with  ZrC precursor  impregnation.  The  ablation  properties  of the  composites
were  tested  in  a plasma  wind  tunnel  environment  at different  temperatures  and different  times.  The
microstructure  and morphology  of  the  composites  were  examined  after  ablation  by scanning  electron
microscopy,  and  their  composition  was  conﬁrmed  by  energy  dispersive  spectroscopy.  The  compos-
ites  exhibited  good  conﬁgurational  stability  with  a surface  temperature  of greater  than  2273  K over  a
300–1000  s period.  The  formation  of  ZrSiO4 and SiO2 melts on  the  surface  of the  3D  Cf/ZrC-SiC  compos-orrosion test
icrostructure
xidation
ites  contributed  signiﬁcantly  to improvement  in  their  ablation  properties.  However,  these  composites
exhibited  serious  ablation  when  the  temperature  was  increased  to 2800  K. The  3D  Cf/ZrC-SiC  compos-
ites  obtained  after  ablation  showed  three  different  layers  attributed  to the  temperature  and  pressure
gradients:  the ablation  central  region,  the  ablation  transition  region,  and  the  unablation  region.
© 2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Carbon ﬁber-reinforced ultra-high temperature ceramic matrix
Cf/UHTC) composites have been extensively studied because of
heir unique physicochemical and mechanical properties, which
nclude a high melting point, good thermal-shock resistance, and
uperior ablation/oxidation resistance [1,2]. As such, the com-
osites are particularly attractive as high-temperature structural
lement for aerospace equipment, such as in re-entry heat shields,
ocket nozzles, nosetips, aeronautic jet engines, turbopump rotors,
nd leading edges [3,4]. Cf/UHTC composites are novel materi-
ls with operability at high temperatures (>2273 K) and improved
blation resistance. In these composites, carbon ﬁbers are used
s a toughening and strengthening phase while refractory metal
iborides or carbides and silicon carbide (SiC) are used as matri-
es. Various techniques, such as chemical vapor inﬁltration (CVI)
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ttp://dx.doi.org/10.1016/j.jascer.2015.07.005
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Produccombined with modiﬁed polymer inﬁltration pyrolysis (PIP) [5], the
soft-solution approach using inorganic precursors [6], hot-pressing
and PIP [7], mold-pressing and PIP [8,9], PIP combined with ZrC
precursor impregnation [10], the in situ reaction method [11], and
the vapor silicon inﬁltration process [12], have been utilized to
fabricate Cf/ZrC-SiC composites.
Cf/UHTC composites may  be used in extreme environments
with high heat ﬂuxes, high enthalpy, high pressure, and even
high-velocity ceramic particle erosion. In this type of environ-
ment, operation temperatures may  increase rapidly from room
temperature to over 3273 K and last from several seconds to sev-
eral hundred seconds [13]. Oxidation and ablation of the Cf/ZrC-SiC
composites are signiﬁcant issues in combustible environments.
Thus, investigations of the oxidation mechanisms and thermo-
chemical ablation of Cf/ZrC-SiC composites are of considerable
importance. The main experimental methods used to test these
composites include oxyacetylene ﬂame ablation [14–22], plasma
arc-jet ablation [23,24], wind tunnel tests [25,26], engine torch
tests [27], and oxygen/ethanol combustion gas generator [28]. Each
of these methods presents unique advantages and disadvantages.
For instance, among the methods named, the oxyacetylene ﬂame
ablation method is the simplest and easiest to conduct with the
lowest cost. Plasma arc-jet and wind tunnel tests can simulate the
conditions of special environments, but the parameters of plasma
tion and hosting by Elsevier B.V. All rights reserved.
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rc-jet tests are too simple and wind tunnel tests are very expen-
ive. However, since wind tunnel tests can best simulate the service
nvironment, this type of test is also most frequently used.
In this paper, the microstructure and ablation behaviors of as-
abricated Cf/ZrC-SiC composites are studied, and the mechanism
f ablation enhancement is discussed based on the microstructures
f the composites before and after plasma wind tunnel testing.
. Experimental procedure
.1. Fabrication of 3D Cf/ZrC-SiC composite
Carbon ﬁbers (T300SC, Toray, Tokyo, Japan) with an average
iameter of 6 m were used. The three-dimensional (3D) fabrics
ere fabricated by Nanjing Fiberglass Research and Design Insti-
ute (Nanjing, China). In the present work, a pyrolytic carbon (PyC)
ayer (∼150 nm)  was ﬁrst deposited on the surface of the carbon
bers to serve as an interfacial layer. The layer was deposited by
hemical vapor deposition (CVD) using methane as a precursor.
hen, a 200 nm SiC layer was deposited by CVD, using MTS/H2 pre-
ursor, to protect the ﬁbers from reacting with raw materials [29].
ore descriptions of this process were reported elsewhere [30].
rC precursor (Institute of Process Engineering, Chinese Academy
f Science) and PCS (National University of Defense Technology,
hangsha, China) were mixed at a weight ratio of 3:1 and dispersed
n xylene to form a homogenous slurry. The 3D fabrics were then
mpregnated by this slurry. The fabrication process was described
n detail in our previous studies [10]. The composite with PyC inter-
hase between ﬁber and matrix had a bulk density of 2.20 g/cm3,
nd an open porosity of 13%.
.2. Ablation experiment
The anti-ablation test was performed in a plasma wind tun-
el environment [31] at different temperatures and different
blation times. During the test, the specimen with a size of
0 mm × 65 mm × 6 mm or 20 mm × 65 mm × 6 mm was  vertically
xposed to the ﬂame when the surface temperature of the compos-
te reached the ablation temperature. During the ablation process,
he surface temperature was monitored using an optical pyrometer.
Fig. 1. The plasma wind tunnel test of 3D Cf/ZrC-SiC composite ac Societies 3 (2015) 377–382
After ablation, the linear recession and mass loss ablation rates
were calculated according to the following equations:
Rd =
d
t
= d1 − d2
t
(1)
Rm = m
S · t =
m1 − m2
S · t (2)
where Rd is the linear recession ablation rate; d1 and d2 are the
thickness at ablation center before and after ablation, respectively;
t is the ablation time; Rm is the mass loss ablation rate; m1 and m2
are the weight of sample before and after ablation, respectively. S
is the ablated surface area.
2.3. Microscopic observation
The morphology and microstructure of the ablation centers
of the composites were characterized by using a scanning elec-
tron microscope (SEM, FEI QUANTA FEG250, USA) equipped with
an energy dispersive spectrometer (EDS) and a VHX-600E series
optical digital microscope (Osaka, Japan). The morphology and
microstructure of the ablation centers of the composites were stud-
ied by an electron probe micro-analyzer (EPMA, JXA-800, Jeol,
Tokyo, Japan). The phase compositions of the composites were
characterized by X-ray diffraction (XRD, X’Pert PRO) with Cu Ka
radiation.
3. Results and discussion
3.1. Ablation properties and microstructures of 3D Cf/ZrC-SiC
composites
The morphologies of the composites before and after ablation
at 2300 K for 600 s are shown in Fig. 1. The surface temperature
was maintained at 2200 K during testing. The mass loss and linear
recession rate of the composites were 0.336 mg/s and 0.35 m/s,
respectively. Comparison of Fig. 1a and b shows that the compos-
ites exhibit good ablation resistance. During ablation, Cf/ZrC-SiC
composites showed good conﬁgurational stability. The color of the
ablated surface turned from black to white, and a loose white abla-
tion layer formed on the surface of the composites. XRD analysis
indicated that the main components of these white ablation prod-
ucts are ZrSiO4 and SiO2, indicating the oxidation of ZrC and SiC
t 2300 K for 600 s: (a) before ablation and (b) after ablation.
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Fig. 2. Surface morphology of 3D Cf/ZrC-SiC composites after the plasma wind tunnel test at 2300 K for 600 s: (a) SEM image and (b) larger magniﬁcation.
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tig. 3. The optical microscope images on the cross-section of 3D Cf/ZrC-SiC compos
arger  magniﬁcation.
atrices. A glassy layer of ZrSiO4 also formed on the composite sur-
ace which prevented the further oxidation of the specimen [10].
he Cf/ZrC-SiC composites continued to show resistance to ablation
hroughout the plasma wind tunnel test.
Fig. 2 shows the surface morphologies of 3D Cf/ZrC-SiC compos-
tes obtained after the plasma wind tunnel test at 2300 K for 600 s.
ig. 2a shows an obvious boundary emerging from the composite
urface after ablation. Two different zones were distributed on both
ides of this boundary: an ablation central region (A zone), and an
blation transition region (B zone). In the A zone, pores and bubbles
ormed by the oxidation of ZrC and SiC were observed because of the
iffusion of volatile gases. By contrast, micro-cracks were observed
n the B zone. These cracks are believed to arise from differences in
he thermal expansion coefﬁcients of the individual components of
Fig. 4. The inﬂuence of ablation time for the resistance to ablationter the plasma wind tunnel test at 2300 K for 600 s: (a) cross-section image and (b)
the composites during the cooling process. Fig. 2b shows an SEM
micrograph of the ablation center. The ablation center is covered
by ablation products – the glass state mixtures of ZrSiO4 and SiO2.
These products act as a protective layer on the composite surface.
Thus, no cracks were observed on the surface of the ablation center.
The optical microscope images of the cross-section of 3D Cf/ZrC-
SiC composites obtained after the plasma wind tunnel test are
shown in Fig. 3 at 2300 K for 600 s. The composite obtained after
ablation showed three different layers because of the temperature
and pressure gradients: (1) a melting layer, (2) an ablation transi-
tion layer, and (3) an unablation layer. The thickness of the melting
layer was  about 70 m,  as shown in Fig. 3b.
Fig. 4 shows the surface morphologies of 3D Cf/ZrC-SiC compos-
ites ablated at 2300 K for different times (300, 600, and 1000 s).
 of 3D Cf/ZrC-SiC samples: (a) 300 s, (b) 600 s, and (c) 1000 s.
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cig. 5. The inﬂuence of ablation time on the mass loss and linear recession rate of
D  Cf/ZrC-SiC samples.
s the ablation time increased, the white ablation zone areas
xpanded. While several splashes may  be observed at the edges
f the ablation center at 1000 s, the shape and surface of the com-
osites remained intact. As a whole, the 3D Cf/ZrC-SiC composites
howed good resistance to ablation when ablated at 2300 K for less
han 1000 s.
Fig. 5 shows mass loss and linear recession rate curves as a func-
ion of time during ablation under 2300 K. The mass losses and
inear recession rates ﬁrst decreased and then increased. These
rends indicate the inﬂuences of oxidation and mechanical ero-
ion on the composites during the ablation process. The following
eactions may  take place during ablation:
rC(s) + 32O2(g) → ZrO2(s) + CO(g) ↑ (R1)
iC(s) + 32O2(g) → SiO2(l) + CO(g) ↑ (R2)
rO2(s) + SiO2(l) → ZrSiO4(l) (R3)
First, the Cf/ZrC-SiC composites undergo various oxidization
rocesses, such as carbon ﬁber oxidation and ZrC and SiC oxidation.
s shown in Eqs. (R1) and (R2), the weight decreases when car-
on ﬁber is oxidized, and increases when ZrC and SiC are oxidized.
owever, at the beginning of oxidation, weight increases cannot
ake up for weight decreases. Mechanical erosions also occur on
he surface without the oxide layer. As the ablation time increases,
rSiO4 is formed, as shown in Eq. (R3), which is a kind of vis-
ous binary glass mixture. This mixture could effectively cover the
Fig. 6. The inﬂuence of ablation temperature for the resistance to ablatioFig. 7. The inﬂuence of ablation temperature on the mass loss and linear recession
rate of 3D Cf/ZrC-SiC samples.
ablation surface and promote its resistance to ablation. The weight
and the thickness increase as the glass mixture is formed. Upon
saturation of the glass mixture, mechanical erosion plays a sig-
niﬁcant role in the ablation process. Finally, the weight and the
thickness decreased. Thus, the mass losses and linear recession
rates ﬁrst decrease and then increase with increasing ablation
time.
Fig. 6 shows the surface morphologies of 3D Cf/ZrC-SiC com-
posites ablated at different temperatures (2300, 2500, and 2800 K)
for 300 s. The shape and surface of the composites remained intact
after ablation at 2300 K for 300 s, as shown in Fig. 6a. At 2500 K
and 300 s, the ablation center began to pit and the ablation area
increased (Fig. 6b). When the temperature was increased to 2800 K,
the Cf/ZrC-SiC composites were perforated after 120 s and concen-
tric circles were observed in the ablation center. Therefore, the
resistance to ablation of the composites decreased with increasing
temperature.
Fig. 7 shows the mass loss and linear recession rate curves of the
composites as a function of time during ablation at 2300, 2500 and
2800 K. Mass losses and linear recession rates increased with the
increases in temperature. At 1673 ± 10 ◦C, ZrSiO4 may be decom-
posed into ZrO2(s) and SiO2(l), and the decomposition temperature
could decrease with increasing impurity content [32]. Thus, as the
ablation temperature increased, the weight and thickness of the
composites decreased because of ZrO2(s) and SiO2(l) erosion on
the composite surfaces.
n of 3D Cf/ZrC-SiC samples: (a) 2300 K, (b) 2500 K, and (c) 2800 K.
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rig. 8. The resistance to ablation comparison of Cf/ZrC-SiC sample and Cf/SiC sam-
le: (a) Cf/ZrC-SiC and (b) Cf/SiC.
.2. Comparison of ablation properties between Cf/ZrC-SiC
omposite and Cf/SiC composite
For comparison, Cf/SiC composites were exposed to the wind
unnel environment under the same conditions (2300 K, 300 s).
fter ablation, Cf/SiC composites were completely burned through
nd splashes at the edges of the ablation center were observed
Fig. 8b). Cf/SiC composites yielded the mass losses and linear reces-
ion rates of 8.973 mg/s and 3.046 m/s, respectively. The shape
nd surface of the Cf/ZrC-SiC composites remained intact (Fig. 8a)
nd showed mass losses and linear recession rates of 0.574 mg/s
nd 0.407 m/s, respectively. These results prove that Cf/ZrC-SiC
omposites have much better resistance to ablation than Cf/SiC
omposites.
.3. Ablation mechanism of Cf/ZrC-SiC composite under the
lasma wind tunnel environment
The chemical erosion and mechanical denudation are mainly
wo ablation mechanisms during the ablation process at high tem-
erature. By changing the ablation temperature, we can control the
elocity and pressure of the gas. The higher the temperature, the
arger is the velocity and pressure of the gas. For Cf/ZrC-SiC compos-
te, the main phases are ZrC, SiC and carbon ﬁber before ablation.
hen the plasma ﬂame reaches to the composite surface at 2300 K,
he oxidations of ZrC, SiC and carbon ﬁber occur. The oxidizing gas
eacts with composite as follows (Reactions (R1)–(R11)):
rC(s) + 2O2(g) → ZrO2(s) + CO2(g) ↑ (R4)
rC(s) + O2(g) → ZrO(s) + CO(g) ↑ (R5)
rC(s) + 32O2(g) → ZrO(g) ↑ +CO2(s) (R6)
iC(s) + 2O2(g) → SiO2(s) + CO2(g) ↑ (R7)
iC(s) + O2(g) → SiO2(s) + C(s) (R8)
iC(s) + 32O2(g) → SiO(g) ↑ +CO2(g) ↑ (R9)
(s) + O2(g) → CO2(g) ↑ (R10)
(s) + 12O2(g) → CO(g) ↑ (R11)
The mass loss is mainly attributed to the oxidation of carbon
ber by Reactions (R10) and (R11). The oxidation of SiC in plasma
ame at 2300 K is mainly through Reactions (R2) and (R7). The
eactions pertaining to active oxidation of SiC [Reactions (R8) andc Societies 3 (2015) 377–382 381
(R9)] are not the primary reactions [33]. The oxidation of ZrC is
attributed to Reactions (R1) and (R4). And Reactions (R5) and (R6)
are not very common route of the oxidation of ZrC. As the abla-
tion time increases, ZrSiO4 is formed through Reaction (R3). This
ZrSiO4 forms a solid solution with SiO2. This binary mixture formed
is highly viscous and glass-like in nature. As mentioned before
(Fig. 5), this glassy mixture sealed the boundaries between the car-
bon ﬁber and matrices and partly plugs the ablation holes, resulting
in attenuated diffusion of oxygen inside the material [33]. This mix-
ture can serve as a barrier to reduce transfer and oxygen transport
inside the materials [34]. This mixture of ZrSiO4 and SiO2 served
as a protective coating and improved the ablation properties of the
composite.
Though the formation of glassy mixture can provide ablation
protection for composite, the ablation holes were observed on
composite surface after ablation. When the ablation tempera-
ture increases, the ablation of composite is mainly controlled by
mechanical erosion. The ablation holes may  provide oxygen diffu-
sion path. Thus, the obvious ablated pits on composite surface can
be noticed (Fig. 6b). At 2800 K, the composites were perforated after
120 s (Fig. 6c).
4. Conclusions
The ablation properties of 3D Cf/ZrC-SiC composites were inves-
tigated under a plasma wind tunnel environment at different
temperatures and different times. The Cf/ZrC-SiC composites exhib-
ited good conﬁgurational stability and resistance to ablation. The
formation of ZrSiO4 and SiO2 melts on the surface of the 3D com-
posites contributed signiﬁcantly to improvements in their ablation
properties. As the ablation time increased, the white ablation zone
areas of the composites expanded and their mass losses and lin-
ear recession rates ﬁrst decreased and then increased. Resistance
to ablation decreased and the mass losses and linear recession
rates increased as temperature increased. However, these compos-
ites exhibited a serious ablation as the ablation temperature was
increased to 2800 K.
Cf/ZrC-SiC composites showed much better resistance to abla-
tion than Cf/SiC composites. Cf/SiC composites were completely
burned through during ablation at 2300 K for 300 s and gave mass
losses and linear recession rates of 8.973 mg/s and 3.046 m/s,
respectively. Under the same conditions, the Cf/ZrC-SiC composites
remained intact and gave mass losses and linear recession rates of
0.574 mg/s and 0.407 m/s, respectively.
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